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THEORY OF NUCLEAR REACTIONS INVOLVING POLARIZED DEUTERONS 


By W. Lakin ard L. Wolfenstein 


Technical Report 


INTRODUCTION: 


The spin state of a particle (or nucleus) taking part in a nuclear reaction 
generally must be described as a statistical mixture of the pure epin states in 
wnich tne particle may be found. If the description consists of weighting equally 
ali mempers of any basin set of mutually c-thogonal epin functions, the mixture is 
spatdialiy isotropic and describes unpolarized particles. Any differgnt distribution 
will describe anisotropic stater, and refer to polarized particles.\1) states which 
may be described by a single wave function rather than a more complicated statistical 
mixture will be called completely polarized. Except in the case of « particle of spin 
$ the definition of the amount of polarization is ambiguous. 


In Sec. I we consider wys of dsacribing the polarisation of particles of spin 
one, such as the deuteron. In Sec. II we determine the restrictions which the usual 
invariance requirements place upon the spin dependence of transition amplitudes. Thess 
sections are purely fomaal and are not deperdent on any theory of nuclear interactions. 
In vec. uf we study the polarization of the deuterons produced in the p * p~— dns d 
reaction. No detailed assumptions concerning the reaction are made, but limitations 
are put on the orbital angular momenta’ which should be valid if the energy is not too 
high. The use of elastic d-p spattering has been suggested as a possible acsans of 
detection of this polariza¢ion,'“’ and this possibility is explored in Sec. IV. The 
resulta of such experiments depend upon the nature of the high energy scattering as 
well as the polarisation of the deuterons. Although high energy nuslear scattering 
{e not understood well, positive results in such experiments would provide qualit- 
ative evidence for the existence of polarization. 


» POLARI CATION STATES Ur THR DEUTER 


The von Neumann density wae 9} in spin space is often a convenient starting 
point in discussing polarisation.‘// It may be expressed as a linear combination of 


fv 
‘“"The term polarization here includes both polarization and set in the sense 
of bleaney: B. Bleaney, Proc. Phys. Soc. tismiac Abk, 315 (1951); A. Simon, M. 


&. hose, and J, M. Jauch, Phys. Kev. 84, 1155 (1951). Polarization and alignment 
are special cases of the vector and tensor types of polarization Faferted tala ter: 


2 
( ‘wabnon and Richs-n, Phys. Sev. 83, 1254 (1951). These authors discuss only that 


part of the polarization which may be specified by the expectation value of the spin. 


(A) ig seaiiein and Ashkin, Phys. Rev. 85, 947 (1952) R.H. Dalitz, Proc.Phys.Soc.Lond. 
465. 175 (1952). Our methods and notation generally follows that of the former paper. 
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initeperident Kevuitien satviews, ubose nuchr squde the equare of the dimension 
elity of the spin opace, and whose expectation valres emer and wiih 4% 
the state af the avstem, Oos of thave citricea way be the identity matrix, the 
expaestation walue of + ich epeaifie. the normalisation; that is, the traea of f- 
The Feemining expectation values detemaine the polarization ef the syatex. 


we ehall diocse operators wiich form oonpanente of irreducible tensore() 
of rank sero (the identity astrix), ona, and two. The operator ebdeb trans forns 


tader rotations like el alga harwoule Yoo ie dencted by Try. Thie set is 
rt of independent turdtian operators, mamly that est 
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The satriz slewente of 7 are determined completely by (1.1) and their tensor 
ial propertics 
‘ 


(om 4] Tr 44 | >) = V3 Cin (1.3) 


wite re 


Sihgay 1% So tie usual Clebdsch-dorden coefficient for combining angular 
araanta, 4 
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waere angular oracket< denot« statistical expectation values. The elennts 
ef  6re sevtricted by the thres indanendent Schwars insqualities, 
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Det for our porposae these are not very useful, A weal inequality (not 
inde penitent of (1.5)) is the obvious one et 
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and tow isft hond side squalls saro only for the uspolarised state, 


one might defias « percentage Sere by 


Pom V¢ a 1ST] * 1-7) 


Themfore, 


uae Se aT) 


The capponents «° 9G ia general define & paeudovector whose direction 


@ay 00 used as tia ants of quaitization, so tne <5 ‘ » vanieh. In See, LI 


we spall snow that in al) st <8 which aay be produced in the sianis resections 


oF interest to ua, the Cs 2 » yaniah £00. we now restrict cur consider 


ation to thie class of otates ami study aethods cf desoribing their state of 


+ a Rr 3 er 
TI ER A CS RE Le Ei TUTE ae 


Tee 


rae 


PANTO MM ee tee; 


wees 


tA en ee ee 


polarisation, Since retsting she frame of reference choet tes axle of quantisation 
alters the phase of the MT wm may 80 choces the coombinate aystem thet 
thees quantities are real cot ipsrefare equal (frie (1-2)), 

To etudy these stetes gecmetricalls, we consider the cartesian componants 
of tha tensor operators, «£8 given by (1.2), The expectation values of the componmite 
of the second rank teror operetar form the scmpouants cf a eypsmatrical escond rank 
tensor, which in turn defines & set of principal axns. Since <2 2 1 and {y yp 
vanish, we see tha S-axis 1u the direction of the spin and aleo a prindaipal axis of 
the second rank tensors, Geometrically the slass of stated weare strdying de churacter 
daw by the fact that ths diree‘ion of the spin is a pMincipal axis of the tensor, 
he inoiede dit this class ah of ths eingulss ssees (n whieh it is not nacesmary but 
it is possible to hl the Wpin direction parallel to 4 principal axis. These are 
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tie casey in wished | the epaetation value of the spin wolisbes, and the cases in 


Wateh the relactpal axes of the tensor are not dateraiosd uiqualy. The claze af 


states row iAclodes unpolarized particles. 
The slass cf states in question ineludes a1) completely polarised atates. 


To ose thls, we examine the wave function. 
fr am + b+ hy (1.8) 
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eqaais |7! and then <Ss) vanishes . 
Another method cf apecifyirg the polarisation state of a syetea ia to tell 
which pure epin statea are contained in the eatatiationl mixture and the relative 


amcunts cf each state. «se mey start cy noting tnat e die hsrmitias and say be 


diagomalised By a unitary transformation, Therefore the statistical sixture 


cacsiets of the three crtaogomal states witch form the by ile of this represent~ 
ation, asd the corresponding eigenvalues of the density matria ate the seletive 
amounts of thease etates. with the prvvicus choice for the & -axle, <ty >, 


and i) vanish, ac thes p ict have tis form (useing Sq.(1.9} 31 


P ao : B/ (2c) 


We garune tempo erily that «30, Cy 0; thess assumptions depen on choise 
of eaordinates only and imply no loas of generality, (Ths use of a non-real 
quantity in place of ¢ aluo means a change of coordinates). 
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For degencrate eicenvaiuss, of coumme, the elgeniumstions are net wiqoe.: 
In the special case tbat the expectation vilus of tho api@ vanichos, we vee froa 


(1.11) thate wb. Then we bave for ¥, and ¥, 
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Sinus x. transforms like -(x * dy) and ¥_, teansforms like (z+ iy). Yo am 
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¥, tranaform like (-x) amd (-ly), pospectively, wiich seans they represent states 
lice po » but crlested along the x- amd y= axes, respectively. 

Thus cur mastricted set of polarization states may be ccosidered as 2 
statisticul atxtuse of a restricted est of pure atates, In geriarval we have one 
atate Ny oriented along the direction cf tha total spin ( # -axts), and a pair 
of states whieh are linser coubinatiows of the states ¥.., The average spine of 
the members of thie pair are equal in iwwgnituce, but opposite in direction. They 
are onglogous te two elliptically polarized states of light with opposite eanses cf 


Fotation and crogsed major axes. Tie Ligiting cases are tha state which is a 


Kixcure of tie three arisated states y, > a and Wo) "yr tie state of avro apis. 
In 03 latter case, the pure states are atates oriented along three mutually 
perpendicular axes, the principal axes of the sscand rank tensor. 

For a given set of principal exes, ali states of thie category are specified 
oy the thres ran) miabers, Ta5y ; ta) : fz (5, Pas Ueing (1.2) we see 
that if the slate jo simply the cure state Fy, ét5) « -(2; and if 4% 48 any 
statistical mixtures of the purse ntatas ¥, are ¥., rae op = +4 > 2 . singe 
the general state of tnis category contains all tnree of these pure states, 

Ce : vacles frome ¥2 tas £/2. Tne other teo operstors must satiefy (1.6) 
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To caloulate these expectation val.uos, we use equations (1.11) and (1.12) 
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Thus we sce that for this category of states, (1.20) is the optimal inequality. 


if we represent each poasibie siate by a point in a space whose coordinates reprasant 
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(hy) , v2 Ee ius) » and Cu, respectively, we see these pointe fil) 
ths daserior of 4 ene. 0? whese apex ia at (ta 2 = j? on the (Bay) 
- axis, and whose base jas a mudius ot [7 am’ ie normal to thie axis att.) 
= o¢% v2. Toe completely polarized states are those for which either 
Ae lor Axel. These are characterized by points at the apex or etreusference 
oF the base of ths cans respectively, ite pair of states ¥. aid ¥y villi be on 


oppesite ends of a diamter of the base, 
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To obtain the complete cose rather than one quarter of it, we drop the 
restrictions a 9b, ¢ 36 used above. 
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SELECTION RULES FOR SIMPLE BEAC sIu.. 


We consider only those reastions in which both initial and final 
states contain only two particles (nucleii). The states are specified by 
the momenta in the CM system (center of mass) and the polarisation. Tole 


polarisation state may be specified by a daisity matrix in the spin space 


of the syates, wileh is the product space of the spin spaces of the two particles. 


Tae suplitade for a given transition say be represented as a matrix H 


whose rows and columms are characterized by ths quantum numbers of final 
and initial states respectively.(7? In general M is rectangular. The 
density matrices describing initial and final states, denoted by pe 
and Pe respectively, are melated by the equatiag 


es t 
LT Pp * Mpe M (2.3) 


I = Ta (mp; 17) (2.2) 


Hore lis the differwmtial omcas-tection fur the seastion at the angle is 


question. 
me may now express f°; and Pe as linear ccmtinations of basia 
» ond 3“ 4a the ania epacesa of the initial and finsl sywtema 


matrices A 
Yeapactivealy. ihese basic aatrices may tw direct products of opwrators 
which operate on ths state vectors of the individual particles, i then 
o. ‘ain the equations 
i ¥ ¥fat 
TT — R ), 
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extenaion of the corresponding ones in reference 3- 
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Here angular braskets denote statistical axpectation values. ani the basic 


operators are normalised eo that 
Tr. (RARE) = me Sav 


Tn (SAS7b) = me Liv 


(2.5) 


where nz amd ay are the dimenaiomalitics af initial and final spin spaces. 

if neither initial particle fe polarised ani cone meaction product 4a a deuteron 
ead the polariention of ths other 4a not ooserved, the only (8 au unequal 
to sero is the expectation value of the idsatity, and the only S“ of interest 
will be tha direct products of the tensor operators Ta in tho deutesoa anin 
space with the identity operater in the spin space af tha other reantion prodoct. 
Tose (2.4) becomes 


Ss yes ] 
Lp (Tout a,? To (MMP Tra) (2,6) 


where I, denotes the cross-section fer an unpolarited initial state 

ainica Mo wust be invariant with respect tc rotations ard space ruflection, 
WH" suet ba sixdierly invariant. Wow MA” ie a bereitian matris in the sepia space 
of the fleel sywtem, and terme of interest must be contractions of the Ty with 
teagor quantities forsed from &, and ie, the initial and final momenta. To be 
invariant under space reflection, the terms mist be of even degre in k and Kee 
since the Tare invariant under space refiection. /cfsequently the sost general 


form of HH is 
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Here the quantities Jy depend only on ke Kp E> ard ip and met bo peal in 
order that KM” is hermitian, ‘The Ty: are solid spherical harmonics forued 
from the cazponents of their indicated arcuate, 6°? and +...-, indicates 
quantities depending an operators in the arin space of the sacamd reaction 
produc, 

Zquations (2.6) and (2.7) ehow that 4) ¢ equals the soavficdent 
of Ty,” in (2.7) divided by Ip, the terms denoted by + ,.., contributing 
nothing to these, To atrdy the polariaetics siste of thase deutercds, we 
choose the nomasi to the reaction plane as t-acis. and use the following 
form of spBerical harscaics: 
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with the scove cnoice of polar axis, the 2 - components of Ey and Ke vanian, 


and Ry x ke has only a 3 - component. Therefore ali farmonice of the type 
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ty, 22 (Me, (2-7) wanish, and with these all ny ‘ oe Thut, our 
assertion in Sec. I that the polarization states produesd in sisple re- 
actians will have the spin asa a principal axis of the second rank tensor 
is proved, and cureover, wa ses this preferred direction is normal to the 
resetion plane. 

We have already discussed the general features of these polarisation 
statea. It is useful to examine the Cn) e usitg an axis in ths reaction 
plane as the poler agte, If we try to detect pelarization Dy 4 eatond re- 
adtion, 4¢ 18 eomvanient to shesse tha direstion ef ineidenee of thia eeu 
ond reaction ae@ - axis, which t# in the olane of the first reaction. How- 
ever, wa single cut ths normal by uaing it ae the Y-axis. In this cosrdinate 
qystom, we wee that a}l second rack harmonics from i | and iy dn (2,7) ara 
real, amd Yy 2 8 atk are pure imagimary. Sinow these determine tiie 
Ctrl e aa noted atowe, we obtata in conjunction with (1.2) 
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Equuticn (2.10) dneludes the vanishing of Cty Me which we know from the 
preceding analysis, since (3), dts en the nortal 

A second prables of intereet is the angular distribution of the reaction 
products, if the initial atata exnsiste of a deuteron, whien oy be arbitrarily 
colarised, am an unpolarised target: of apin J we assume there are only two 


reaction products agats we use equation (2.4) with the identity matrix as 


9) 
a, It 468 clear that theea arguments hold for particles with higher spin, 
arc. for particles with spin 1/2 (ref. 4) 
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spaae of the target as the R wf interest, We then hare 
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Tha horaitdan aatedx HM 4a an operator in tha spin space of the initial 
ayate@s, and May 66 expressed as & linear combination of basic operators 
in thet space. Since nt} mist be invariant under rotations and space 


reflections 
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Ae 4a (2.7) the 1 are real scalars depewdiny on Ky, Kp. and ky ke 
only, and t'+* indicates terms containing operatess other than the 


ddentity in the spin space of the target. 


Ta obtain the angular dletritaution of the reastion sroducts, we 


substitute (2.12) into (2.11). 
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To efady this in greater detail; we choose tne polar cute moraliel t> k, 
The enguier distribution expresses the dependence of I wpon & ¢° Since the 


only veeter with non-vanishing I ari Y components is Kp . the hargonios whieh 


multiply carn in (2,13) guy be expressed as a sua of tarms containing 
Try (& ¢) (where the Mie are the same) times quantities independent of 
whe agimuthal angle. Therefore, the asimithsl anguiar distrivation ef the 
reaction sroducts 18 cirsatly related to the polarisation of the incidunt 
deutearcna. The mojap angular distritution may alao depend upon CT roe ee 
tut generally this would not be related ta any aisple manner to tiw polar 
daatian af the ineldant particles. 

We wow esrsdder ths ease in which the poleriaed deuteroms used as 
peodjectiles in a reaction were profused in a previous almple reaction. 
Wa soy the incident direction af the eecond reaction as the a wets 
iced the plane of the first resetion as tha gy = plane. then the (ti? : 
$a #qaatien (2.13) appliel te the second reaction must satisfy (2.9) end 


2.10). Coeblning the terms containing rae r) ant Yyeyti g), wa ee 


that the angular distreitation will hare the form 
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tne first reaction. and the funzttiens 1. a, B.C 
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If = de the wactoum effective inciden? orbitel enguler mec 2 
(in the sesomd reaction), the degrees of these polyncutales ars limited 


as follows: (2) 
~ polynonial maximum degrse in cos G 
Te (6) a oe 
msox 
4 (8) 2 te 
B (6) 21. ee 4. 
c (@) 2h ae ‘i 
D (6) 2b 
feed 


The sbove wules for polarisation effects in the simpler nuclear 
reactions depend only upon thw invariance of the Namiltontan under 
Futntions and reflections. In the special case of elastic scattering, 
a further restriction ia leposed upon NM if the hemdltontan ie elo re 


quired to bw invariant under tise reverval . 1h) 


Sines the tine-reverae 
oecileion de identien] with the original, exeept for a pure rotatisn, the 
ratvix elesents for these wast be identical. If the time pevecse of F is 


defined by: 
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(2.28) 
wiere -b, -a refer to the tise reversed atates, 
F / Nah r 


Vedng crimes to denove tine revereed quantitics, we have. 


é.g,, Hlatt * wetsokoof, Theoretical Nuclear Physica, p 533 
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aes & Wiener. Gatt Nachey. 32, 546 (1972) 


Tne argumant $s an axtenston of that used for unpolarized tears; see, 
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¥rm (40) 2 ( ad brn (Ae) 
Hoe (4,') = (4) : yh re (4;/) (2.18) 


Substituting (2.19) inte (2.7) and (2.12), we obtain directly froa 
(2.18): 
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(2,19) 


Ae in ref. 3, these oqustions relate the polarisation produced in 
@lastic collieions if tha initial particles are unpolarized to the effect 
of polarization of the incident particle on the angular distribution of 
elastically scattered particles. These relations are of interest if 
cgouble scatterings are studied and if the change in Ja due to meray loss 


in the firat collision may be neglected (or 18 kitm) 
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Polarisation of the Dauterons Produced In The Reaction p+ p pr” + a, 
According to the customary assumption, the parity of the orbital motion 
of she system must change in a reaction in which a trecmason is produced- Also 
the states of relative motion of the final system are assumed to be anly 8 
and P states at the energy under consideration, These essumptions limit the 


forms of M to the foliowine: 


Mi =A] (G+) Re BAG (G-M) h + C ¢g-G) ‘2 


Here A is tha triplet projestion cperator; 0) and Ug, are Pavld matrices 
cpatating on the spin functions of the two nucleons; kK is tite relative soaent um 


in the inital etatesq the relative mosantua in the fiual state, 60 choran 
that *q Fepre@eits the somantua of the deuteron) aid 4, 3B, and C depend oly 
oron xk. The terms whieh appear in 4 sust ba pueudoscalar to changs the parity 
ef the optital motion, Also # must changs sign if the two nucleons are 


exchanged, since it is a matrix alement of an operator wiich mast be symmetrical 


in the two nucleons, and the initial state is antisymestrion] enc the final 
Ftate symmetrical, Exchanging space and spin coordinates is equivalent to 
exchanging J, and Pyend changing the eign of k. The only pseudoscalar 
operatore satisfying this condition which can be constructed from k, g, i, 
and QJ, which lead to a deuteron in the final state, and which contain no 
power of g higher than the first are the terms in (3.1). 

It may see at first that the use of M as an operator in the two nucleon 
apin space implicitly essumes tia ground state of the deuteron is a pure 
S-state, This 18 not the case, Hawaver, since the matrix elements of any 
operator connecting the deuteron growid state and the initial state may be 


represanteod ae the matrix elements of 4s suitably modified operator in the 
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two-nucleon spin space. The deuteron wave function ssy ba written (12) 


| Ta 
i. a (Mt WS) Xe a3) 


In evaluating matrix clanents of any operator, we aay transfer the part of 
be preceding X, to the operator in question, The only difference between 
assigcing the deuteron to be in a pure Sestate op taking the D-adedxture into 
account appears in the saranstere A, 5, and Cc, 

Wa now change paraceters in (3.1), intredusing unit vectors ‘k and q 
parallel te k and g respectively 


aA 


Ma ALAR) A + BAG (G-G)4 
+C(e=a)-a 
(G- &) a J (3.3) 
MM? = Al £ S(2/al* + Ic/*)+(isi'p 1. Be) on's} 
+ BY a)*= (ile aR B*C)en'8 f(a hy d-) 
- Rilcl* (364.8 GF =) 
2 Re BC CB nd (GADPET AGA) 
prin BRC wend (Teo) m ] 


(3.4) 


(12)y. Kerdte and J. 8. Schwinger. Phys. Rev. 59, 436 (1941) 
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Here 9 ia the angle eaeteen and a g is s wit vector in tha plane ot © 
and Q perpendicular to t, and ‘B is ¢ wit veotor normal to the plans of © 
and G. 

The form of KH” may be simplified if the enorging deuterons are chosen 
fron an angular ranga sywmetrical about ninety degrees (CM), providing the 
variation of efergy with anele in this range soy be fiselested, Then sil 
tems proportional to sinSems9 = vanich, and MM* will not contain any 
first rank tens r operators, (13) This simplification ie important because 
if the polarisation is to be detected by asiwutnal: asymestries in « seond 
Feaction, 1% vould in gapwral be diffoult to differantiste between asymmetries 
| associated with (Tost; ) and Carty ). The fetiibiiity of utilising this idva 
in any exporieait depends on the angular distribution of the p + > => fn’ aa 
ro reastion and alse on the erwrey dependence of the detecting reaction. Yor 
b06 Hav tnetdent protons, the enmrgy (lab) af the emerging deuterane will be 


BE 6 10 (1 * 6.29 cos 0) Mey (3.5) 


The alicwable variation of energy then determines the range of @, and the 
oxperiaant will only bo feasible if this rense containa a sufficientis int ones 
besa of outgoing deuterons. we cusume for the remainder of this paper that 
the above method of eliminating all polarisation associated with first order 


O3)0 may be seen that the expectation value co? the spin vanishes evan if 
higher partial waves are involved. Secause of the exclusion prinadple in the 
initial state, evan ind odd states cannct interfere, and the intenaity ia a 
sum of even harmonias, The term containing the apin must be propertional to 
sin 6; therefore it must be eultiplied by an odd polynomial in cos 9. 
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WSs now use the notation 


21Al*™ ek Ici 


a AALS e 
ed (3.6) 


\Biy # 2 & BYE 


2 |A/* 
2/Al* + /e/° (3-7) 


We alec use the identity 


Sq Gide TVET yh) GT oe 


Aleo e bar is weet to demote quantities averaged over anglss, and equation 
(Bot) be-eoamee 


writ = (urnaf’) [ta + n'G ) +(¢ ea en ) 
“iE Yam (A) Tamt 


ep sy et 
~ (1-€)AVE Yin G2 fim J 
(3.9) 
If we chooses the polar exis alone k, Ya21 %) vanistwgince thay are 
proportional to sindeceg, Then CT, ¢ 1) variahes as well as (Ty ¢ 3), 
and ‘ ie a prineipal axis eas well as fi, There jore, t, p, and Ti dafine the 


principal axes of the second rank ronecr, In the extreme case where ace-6 


masy be nsglected, we obtain using (2.6) 
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mae (3.20) 


Cha) ae : v3 (1 -é) 


\ 


Fe ee re ne eee st i ne cee, 


tenes 


Pa a eerie ts ci Rida Gi oe 


ret. 


2 NP 


ai. 


According to tha discussion of See. I, the statistical mixtirs in this extras 
casa will contain states like ro oriented alone and ‘Nh only for all values of 
E. Ife (Ls) the state will be a pure state X; ordented along 33 if 


E = 1] states oriented along .) and n have equal weiehtsa, In less extreme cases 


where cos9 cannot be neglected the valus of (Tog) will ba lesa than 3 (2 and 
the statistical mixture will also contain the atate oriented alone %. 

To consider the detection of the polarisation by asimuthal asymmetries 
in a ascond reaction, it 14s convenient to use the diresti of motion (leb 
system) as the § axis end the normal to the plane of the firgt resetion as the 
yrazis, Tha value of CfoyPand alao of P defined by (1.7) in this coordinate 
wyitem for various a and ¢ are elven in Table II, where the ineideat proton 
eneray is 400 Kev and pares equals 0,039 corresponding to the rengs 
70° € @ € 110°, The values of "a: are chowen to approeimate the reportad 
angular distributions in the reaction p* p <yn* ed, or its tivevae, (22 )(26) 
The gagnituses oY tt, » and Ct, 29 decrease with increasing FE} the magnitude 
or C2? {a aleost proportional te (i-%). For the values of "." considered, 
the results are very sensitive to cone as well ash. The gagnitude of the 


expestation valuss of all operators would increase if the angi jar range were 


decreased, 


Qs this for example 49 used by Chow st al, Phys, fev. 84, 581 (1951) 


(15 )unitehead and Richaan, Phys, Rev, 83, 855 (1951) 


(16) sepin, Loar, and Steinberger, Phys. Rev. 84, 581 (1951) 
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Finally, we rote that in case the angular distribution of this re- 
action is proportional to cose, tim polarisation is complete and independent 
of angle, the statistical sisture sonsisting of the pure state criented along *. 
Thies may be readily sean by setting A amt C equal to zero in (3.4). Since the 


anghe of the emerging hsam (lab systema) wold Fava to make an angle of less 
(17) 


than eight degrees with ‘ the expectation value of all tensors operutors 
except <too) would be amell. If 4 and C were not sero but very small, se 
that it would be impossibiw to choose the emmrging Laam to bo symmetrical 
about ninety degrees, the contributions of the lest two teras in (3.4) would 
not be negligible, and the results far A aad C vanishing would be a very poce 
approximation to this problema. For this remscn we uave oot calculated the case 
where A acd C wanish. In principle ane esuld change the orientations af the 
otates relative to the direction of motion by magnetic deflection. In this 
case smal) valuss of [aj and [6 | wuld be of interest, eines the polar 
{sation wuld be a'aost complete and could be estimated ascurataly if the 
qsarging deuterons are in the forward divectioa. 

Fable II 


e é < 13,0) (ty) 1,2) p 


Q.1 0,0 “0.021 +0,092 “0.59 0.69 
0.5 +0. Ohk +0065 “0.30 0.30 
4.0 +0, 0,019 oO. O13 0.08 
O-2 0.0 0.21 0,14 -0.7% 0.73 
0.8 +0. 28 0.10 70, 3b O-ke 
1.0 0.3% 70,061 +O, Odue 0.26 


~~ -——_— 


als again consider the direction of motion (lab system) as toe Z-axis and 
normal to plane of firat reaction as *ne yroxis, since we are interested 
in possible detection by azicuthal asymmetries ina second resotion. 
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BERECIS OF DEUTERON POLARIZATION ON d=p SCATTERING 


It bas been suggested that the elastic acattering of deuterons by 
hydrogen might be used to detect the polarization of the deuterons eee 
the quantities dw.cted by Ty in (2:12) have a camiplicated dependence on 
aneie’*) ant the effects of polariestiun on polar angular distributions 
ape difficult te interpret. Therefors we consider only the effects of polar- 
Suation of the inoident deuterons om the asimuthal engular distribution. Aa 


shown in lec. Il, any chserved asiauthal asymastry verifies the extatence of the 


relevant polariaation of the dneident beam. In the problem we are coasidering, 
a left-right asymmitry (1.0. cos § term in the angular distribution) would ~ 
bw attributable to the <1, 2 » , terme, aince the expectation value of the 
pin vanishes. The magnituie of these polariu.tion effects se deterained by 
the prodast of tha expectation valua of the relevant operator in the ineddant 
beaa tnd the sagnitude of tis relevant tere ia the scattered intensity oper- 
ator, . 

ia thie section we shall use the impulse appreciaation 
tim elastic d=p scattering amplitude in temas of the pop and o> scattering 
emplitudes. bach quclean-sutieon scattering saplitude will be calculated on 
the baggie of a model chosen orimarily fov ite simplicity. Aleo various ap- 
proximstiaons in addition to the impulse approximation will be sade. Theasefor 
thea fina). meault is not expected to be good, but it may indicate the order of 


(19) to caloulate 


magnitude of the asimothal asymmetries without excessive labor. wa do not 


SOO, TT 


(18) oem, Phys. Rew. @4, 710 (1951), and references in this paper. 


OV chew, rhye. Kew. 80, 196 (1950). 
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beliewe @ long caleulation is warranted at presen’. 
we wien to calculate a matrix H specifying the esattering, waich oper 
ates in the product space of the deuteron and proton apin functions, Sines we 


stall use the av proximation that the deuteran ie a pure S-state, the spin space 
ba used te equivalent to the product of the spin spaces of the thre sudlecs. 


It 18 convenient to we a representation in which the proton bound in the deuteros 


and the free proton are distinguished. Tris is often done by taking the ex- 


clusion principle inte acesunt in the matrix K rather than in the wave funations, 


ee designate the neutron as particle ona, the protan sound in the deuteron 


es two, and the free protod as three, initial and final state fusctions (aot 


antisymmetrical in the two protony) are denoted by f, ent ¥, respectively, and 


Pay amd Nzq denote space (wamectusa) and sp. <xahAage operators fer the two 


Protons. The properly antisymatriaed fasction representing initial and Mnal 


straightforward caloulation of the elastic scattering aaplitude using these 
antisymmetrized functions and the lapulse approximation yiaide ure reoglt 


He Ry, * Ho + My (4.2) 
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PCAr +p) 

~ [st $(Aokpe) (4 kt Pe | Raap (id) [$4 +8) get) 

(4.3) 


pe) {1-93 Rp ay/ th +e) 
(4,2) 
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M3 = esatacuils (4) (A Al Rag (D/P. 148) 
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dere F, amd pare tix initial and final relative momenta, Rp 23) and 

a, 9(22) are scattering aaplitudes for the pp and mp collisions between 
states with the indicated relative sementa, aod f is tues aceentum wie 
fimsties for the deuturan. Sinoe the trampitiws indicated by the R-amtrices 
4m weneral de oot conserve anevgy, thoir calculation from scattering data ire 
volves 4h appropriate extrapolaiian. 

The fourter transform f of the deuteron wave function i: peared mar 
the arigin in the somentum space and ia small for argusentes whose magnituies 
ars large. Consequently, {f the polar angles of seatteriag are restricted te 
the first qdadvadt and initial and final momenta are lerge compared tc s-arnta 
of the sucleows inside the deuteron, f(p + dp.) can be asmused small ani H, 
ruglscted. Turtiareors, the peakedisss of ¢ say be used to approximate tha 
expressions for H, ani Ho, Since the argusmts of betn deuterca functions in 
Ho(or Hy) do not venieh simultaneously for any value of g, wa assume the peak 
of the prodact ia at the value of & for which both arguments hawe equal wag” 
Aitades, this magnitudes being the sinieom consistent with this restrictia. 
Xe assume the atelsan-nuelese acattering sapiltudes may be taken cut of the 
integral at this valus of i. 
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(Leaty) 


Denoting tiis value of k by K., we see from the diagram that Ky equals ~4(p,+ pide 
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wita this ap toximation, equations (4.2) and (4.3) besone 
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Here OP (r) is the deutercn weve Sunctioe in soordiaate space, sesuming a pure 
&- fusdtioa. 

thie quantity lk, ° ra| depends ca the scattering angie. Tits angle must 
be in the first quadrant, and according to (2.15) it should mot be ton elcose to 
&6Po 6 have éhosen alxty degeews arnt thirty depress an seattering anglew. Ths 
amergies (lab ayatem) of muslese-aualecn scattering wrloh determina the R-tatrioes 
in (4.5) aa 113 ard L0G sev respectively. At these anergies, the oop dete ia 


(20) (4) 


conailatent with pure $ ware seattering Thateters, waceesune the'p-p 


scattering pspiitode is 


03) 


Chamberlain. Segre, ami Wiegand, “hys Aev Bl, 661 (1951) 


21) Siecs, Kruse, and Karsey. Phys Zev 83, 274 (1981) 
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The phase shirt $45 adjusted to yield the observed pp cross section. 

To calculate tis n-p scattering amplitude, we assume a potential and use 
the Born approximation. A oriteriea for choosing among the various proposed 
potentialgie that the Som: apprezimation to the scattering amplituse must con~ 
tain terms of the form needed to detect the polarisation ennsidered in Sec. ILI. 
A familiar potential which satisfies this requirement ls a mixture of central 
and tensor foroes. Assuming the Tokawa radial depeciience, we use parameters 
whieh Rave bean adjosted to fit low exserzyy datas? argo the even exchange de 
pencence is assumed fur both central and tensor potentials, This modal is 
almost identicaal to cw for which the 90 Mev scattering cross-section tan bes 
calculated by « phase onitt setiod!2?) since this is the ecray region of is- 
terest, we may partially check the validity of the Bors apprexcimation by eae 
paring ite results with wore accurate ones. The resulting o-p scattering 
seplitude ia 


(3'/R,08)/1) 3 ees [ facs) + ny) ¢ 
+P (AY YF Vague’ ~ 5.5) + v9) (65-365 ~5, gy" 


are I7g'-3 > Pe ging (4.46) 
a / +. 3)™ (4.1) 
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The ustal notation for the parameters in the potential is used, 


(22) 
Beass and Festbach, rhys. Fev. 81, 142 (1951. ne use the set wich fits the 
full binding energy cf the triton, as the range of the tensor force tnan ugress 
with a model of reference 18. Howaver g tus been set equal to sero. 


(2 
; eset aiuas sn@ Hart, rnys. fev. 27, hl (1950), partioulariy curws Il, fig. 19 
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we have evaluated (4.9) for 90 Mev n~p collisians, and conmred our 
resulte to thoes of Christian and Hart. The angular distributicns are in 
fair agresment, but there is considerable disagreement bet ren the total 
cross-sections, the Born methed ylelding « walus which ia anly about tw 
thieds of the more ecsurate result, it is oot clear which pects of the 
scattered snzlitude are pucrly approzimated by the Born msthod, we have 
tried to gain some insight into the matter by the following argument, which 
ie at best very rough. In the Born approximation, th@ central and tensor 
scattering amplitudes simply add. It nas Geen ehows that tm first Som 
approgiaation does give a accurate croga-seotion ef G Nev, presamably 
fortuitously) 4) ns may be true only for the particular potential strength 
required whan tensor forces are névlected, and not for tne central forces 
in our motel, which le three-fourths as strong. Hat to mazke some comparison, 
we cseame this is roughly velid for theese reduced strengina, and then fird 
the crovareection due to tensor forces to be about Galf af tiet required for 
agreement with the results af Christien ani Hart. Pris may Be an indication 
that the Born epproximetion is inaccurate in calG@ilating Uw acattering by 
non-Geritral foresee for the potential and enargy unier caisideration, 
Although we do sot believe the above calculation iw wery good, we may 
observe that (4.9) de qualitatively general for our purposes. The only term 
which ams allowed by invariance argusents, but 4% not appear in (4.9) ane ef 
the form ( T+ Ve em arc O53 ; where n is normal to the scattering 
plane. Terma of twas types might appear in a more securste calculation, It 
te tecdlly ahoen that if such teras are added to (4.9), the only temss added 


to H'h (calculated according to (4.5), (4.6), end (4-8) )are of the forse 
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ie Jost and raia, rhys. Ber. 2, 640 (1951) 
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Oe Go dev (or cmity). ines we are interested in detecting 
polarissticn epesified by seecnl rank tensor operators, the spir tem is 
of no interest. If we were interested in detecting polarisation speaified 
by expectation vuiues cf the spin, we should naw to calculate the scattering 
amplitude more AcoFately, or uss a different adel. We shell therefors we 
(4 9) bere despite its limitation, 

Substituting (4.8) snd (4.9) into (4:5) and (4.6), we may evaluate H 

and then KW. The result is 
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Here ro = oe ee EP, are the teres indicated 


byt... . &P@ linear in gq and therefore will vanish when tracsa aro 
taken, 
Evaluating (4.13), the asimuthal angular distrisution for polar angles 


of 30° arc 60° are 
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Toe smll magnitule of the eweftieient of C1, ). 4 tm (lS) Le dns toe 
cancellation of terms, each of which is of the sams orday as the cosfficient of 


és) 4. Since this cancellation depends on tos partioniar models and 


the various appraximations used, the coefficient of <t.,.2) i. Sinos 
this cancellation depends on the particular models asd the waricus apprary 


Mativns wed, the coefficient of kts) 4 in (b.15) may be of the same 
order an the mefticiens of (t,) 1, 

Since only second rank tensors are of interest bere, the discwsica of 
Seo. I shows that the greatest asymmetries occur if the initial state is a 
pore state of the type W orieated favorably relative to the dirscticas of 
motion. To study the efficiency of thin datestar, wa calculate the aspmbstrios 
witch it aay produsw for ineldent deuteron states of this type with varying 
orlestation, ke ase B to represeit » wilt vretor makiog an angle f with the 
#exts aod ies tha ci-plans, thie is the assused direction of orlentation of tie 
state. Then the son-wanishing expectation miluse are 


(Tiny om vz pin (8) (helo) 


Substituting in (4:16) of (4,15) yielda the Feeult 


we /# C, abe Cena ge (4337) 


Here W represents the relative istensity at varicus asimuthal angiew. The 
functions sin @ and sin 2 > are absent from (4.17) because of our ehotos of 
xi-plana. Values cf C) and C, for various angles 5 and beth 30° ond 60° 
scattering are listed in Table Ii. 
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Table 11 
290 a= 60° 
B Cy Cy Cy Co 
0° 0 ¢ 0 ) 
30° “0.21 ~0.040 +0,04h 0.09 
as? =0.22 =0.075 eC Web “0.13 
6 “0,18 ~0.10 +0.038 -0.18 
90° ¢ 0.13 0 “O83 


Fram Table 11, we see that, the asymestries which may be produced with 
favorably oriented polarised deuterons with maxiwom value of the s¥esad rank 
teaior operators is not partinwlanly ‘sree; calculated asyeaatrios a =p 
atetterlag ary of the sane orden) : 
For deatarces. produced in ti CP Pit’a) reaction hots xs peirieatce is esven 
in table-I, the veattered intensity for polar wagisd sens bl my bo calendared 
direstiy from (ly.1b) aad (lyel5)s The vateithal dupanidsnse of this sutened.ty is give 
by (4.17), wht the coastants talmiated in Table IY}, The poremeters & an © 
are the soae- ae und is See, ITT, 


fable 11 
ee 6° Oe 0° 
u 
a € Oy om on 2 
0.1 0.0 0.0047 “0.17 0.022 =0.098 
6.5 0.0033 -¢, 084 0.018 ~9 .OK9 
1.0 0.0016 +0 ..0004 =0,0045 +0, 0002 
ane: 0.0 0.0073 0.19 -6.034 ~0.11 
9.5 0 COs2 -0 095 -().024 20.054 
1.0 0.003% 10.0012 -0,0)b +0.0007 
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cae molfenstein, roys. Rav. 76, 541 (1949). 
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Finally we should like to nete coms gencral fastores of the polar 


isation effects in c-p scattering, These co not vanieb in the Born apprare 
mition, nor does cur assumption that the proton: proten scattering anplitude 
contains only O-waves lead to vanishing results. Since sue assumptions 
lead to vanishing polarisation effeovs in muoisen-nuslacn sosttering, the 
gamer in which polarisation effects in d~p ast nuciesn-suclech atattering 
depends on tha fundamental scattering amplitudes 44 different even it on | 
imalee apprexisstion te valid. If tie variouy experiments were feasible, . 
they would tend to suppiemant cach otaer, 
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